Immune checkpoint inhibitors have revolutionized cancer treatment. However, many cancers are resistant to ICIs, and the targeting of additional inhibitory signals is crucial for limiting tumor evasion. The production of adenosine via the sequential activity of CD39 and CD73 ectoenzymes participates to the generation of an immunosuppressive tumor microenvironment. In order to disrupt the adenosine pathway, we generated two antibodies, IPH5201 and IPH5301, targeting human membrane-associated and soluble forms of CD39 and CD73, respectively, and efficiently blocking the hydrolysis of immunogenic ATP into immunosuppressive adenosine. These antibodies promoted antitumor immunity by stimulating dendritic cells and macrophages and by restoring the activation of T cells isolated from cancer patients. In a human CD39 knockin mouse preclinical model, IPH5201 increased the anti-tumor activity of the ATP-inducing chemotherapeutic drug oxaliplatin. These results support the use of anti-CD39 and anti-CD73 monoclonal antibodies and their combination with immune checkpoint inhibitors and chemotherapies in cancer.
In Brief
The production of adenosine via CD39 and CD73 ectoenzymes participates in an immunosuppressive tumor microenvironment. Perrot et al. generated two antibodies, IPH5201 and IPH5301, targeting human CD39 and CD73, respectively. In vitro and in vivo data support the use of anti-CD39 and anti-CD73 mAbs in combination cancer therapies.
INTRODUCTION
Over the last decade, the focus of cancer treatment has shifted from the tumor to the host, with the development of various forms of immune-based therapies that mobilize the immune system to promote or restore an effective antitumor immune response (Okazaki et al., 2013; Palucka and Coussens, 2016; Sharma and Allison, 2015a, 2015b) . Unprecedented improvements in tumor control have been achieved with therapeutic blocking antibodies that release immune inhibitory ''checkpoints'' (immune checkpoint inhibitors [ICIs] ). However, such treatments often yield sustained benefits, but strong responses are observed in only a minority of treated patients, whereas resistance to ICIs is observed in a substantial fraction of patients. Major efforts are therefore being made to identify new targets that activate, unleash, or enhance antitumor immune responses. In this context the targeting of the immunosuppressive tumor microenvironment (TME) may be of interest.
Cancer immune evasion largely involves the generation of high amounts of immunosuppressive adenosine (Ado) within the tumor environment. Purinergic signaling is involved in inflammation and cancer and plays a key role in modulating cell migration, proliferation, and death (de Andrade Mello et al., 2017) . ATP and Ado released into the TME are among the most potent modulators of both tumor cell and immune responses. Apoptotic cells release ATP, which acts as a major signal, recruiting phagocytes and essential for the immunogenicity of cancer-cell death (Silva-Vilches et al., 2018) . ATP binds to type 2 purinergic/pyrimidinergic P2X and P2Y receptors and promotes dendritic cell (DC) maturation for antitumoral T cell priming. ATP also inhibits the proliferation of tumor cells, but not of healthy cells, and promotes the death of cancer cells. By contrast, Ado attenuates the immune response by suppressing effector cell function and stabilizing immunosuppressive regulatory T cells based on their expression of Ado A 2x receptors. Ado inhibits dendritic cell activation, Th1/Th2 cytokine production, T cell proliferation and activation, natural killer (NK)-cell activation, maturation, and cytotoxicity, and it enhances the suppressive functions of Tregs, Tr1 cells, and macrophages (de Andrade Mello et al., 2017) . ATP and Ado local concentrations are tightly controlled by several ectonucleotidases, including CD39 (ectonucleoside triphosphate diphosphohydrolase 1, E-NTPDase1) and CD73 (ecto-5 0 -nucleotidase, Ecto5 0 NTase), expressed by cancer cells, immune cells, and the vasculature. CD39 is a plasma-membrane-bound enzyme that cleaves ATP and ADP down into AMP. AMP is converted into Ado by CD73 on the cell surface. This sequential activity of the CD39/CD73 pathway scavenges extracellular ATP and generates immunosuppressive Ado in the TME.
Early preclinical studies showed that CD39-deficient mice were resistant to tumor metastases in the B16F10 mouse model of melanoma and the MC-38 mouse model of colorectal cancer (Sun et al., 2010) . CD39 expression on tumor and endothelial cells promotes angiogenesis and metastatic tumor spread, whereas CD39 expression on Tregs is crucial for suppressing NK cell antitumor activity (Jackson et al., 2007; Sun et al., 2013) . CD39 overexpression in tumor-bearing mice increases the liver metastasis of MC-26 colorectal tumors in mice (K€ unzli et al., 2011) , whereas pharmacological blockade of CD39 and other hydrolases such as E-NTPDase 2 and 3 with POM1 increases antitumor immunity and decreases metastatic spread in several tumor models (Sun et al., 2013) . Furthermore, CD39 blockade enhances the immune cell effector response to human ovarian cancer cell lines and follicular lymphoma cells in vitro and promotes the survival of non-obese diabetic (NOD) mice in patient-derived sarcoma models (Hä usler et al., 2014; Hayes et al., 2015; Hilchey et al., 2009) . Thus, blocking CD39 activity may be an effective approach to limit the hydrolysis of immunogenic ATP and prevent the accumulation of immunosuppressive Ado. One anti-CD39 monoclonal antibody (mAb), BY40, has been generated and reported to block the activity of the membrane-associated, but not soluble, human CD39 enzyme (Nikolova et al., 2011) , but its clinical efficacy has still not been evaluated.
Several preclinical studies have shown that host CD73 deficiency delays tumor growth in multiple models of syngeneic transplantable tumors. CD73-deficient mice are also resistant to lung metastasis after the intravenous injection of melanoma and prostate cancer cells (Stagg et al., 2011 (Stagg et al., , 2012 . Many approaches using antibodies against CD73 or inhibitors have shown large antitumor and anti-metastatic effects in several preclinical models (Antonioli et al., 2016 (Antonioli et al., , 2017 . Given these promising results, four mAbs, MEDI9447, BMS986179, SRF373 (also known as NZV930), and CPI-006 (also known as CPX-006), inhibiting CD73 activity and/or inducing CD73 down modulation are currently under investigation in early-phase clinical trials.
We show here that CD39 deficiency enhances the benefits from combined cancer therapies in preclinical mouse solid tumor models of melanoma and fibrosarcoma. We report the generation and characterization of two blocking antibodies against human CD39 and CD73, referred to as IPH5201 and IPH5301, respectively. The anti-CD39 mAb IPH5201 blocked ATP hydrolysis by both membrane and soluble CD39, thereby promoting DC maturation and macrophage activation, whereas the anti-CD73 mAb IPH5301 blocked the degradation of AMP into immunosuppressive Ado and displays different functional characteristics over currently used mAbs. Both IPH5201 and IPH5301 prevented the Ado-mediated inhibition of T cells purified from patients with breast cancer or melanoma. The IPH5201 efficiently increased the anti-tumor activity of the ATP-inducing chemotherapeutic drug oxaliplatin in a mice tumor model. These data provide the scientific rationale for the clinical development of IPH5201 and IPH5301 and their use in innovative strategies of cancer immunotherapy.
RESULTS

CD39 Disruption Improves Antitumor Immunity
The tumor microenvironment can attenuate antitumor immunity by generating purinergic mediators. We investigated this phenomenon by monitoring the growth, in a mouse model of melanoma, of subcutaneously injected B16F10 cells in wild-type (WT) and CD39-deficient mice. B16F10 tumor growth was delayed and survival was prolonged in CD39-deficient as compared to WT animals ( Figure 1A ). The B16F10 melanoma cells do not express the CD39 ectonucleotidase per se even after engraftment in mice (Allard et al., 2014) . We monitored the ATPase activity and the generation of AMP from added ATP within cells isolated from the tumor or the spleen of WT mice. AMP levels were lower in cells isolated from CD39-deficient mice ( Figure S1A ) and in the presence of ARL-67156, a chemical inhibitor of CD39 (data not shown), indicating that CD39 is the major enzyme involved in the ATP degradation by B16F10 tumor and spleen beds.
We next investigated CD39 expression in B16F10 tumor tissues. An average of 72.5% (45.3%-90.7%) of the CD39 + cells were CD45 + ( Figure S1B ), while engrafted B16F10 tumor cells did not express CD39 endogenously ( Figure S1C ). In contrast, engrafted B16F10 express CD73 that could reduce tumor growth control in CD39 knockout (KO) mice as AMP CD73 substrate can be generated independently of CD39 through other enzymes such as NPP1 or CD38. We further characterized immune cell infiltration and their expression of CD39 over time.
Immune cell infiltrate was subjected to modifications from day 8 until day 21 post B16F10 grafting, characterized by an inversion of the lymphoid and myeloid frequencies between day 8 and day 21 ( Figure S1D , left panel) and by a progressive increase of CD39 + cells with tumor growth evolution ( Figure S1D , right panel). The myeloid-derived suppressive cells (MDSCs), DCs, and macrophages that naturally expressed CD39 represented about 35% of the immune infiltrate at day 8 and 70% at day 21 ( Figure S1D , left panel). At that time, they accounted for $90% of the CD39 expressing cells ( Figure S1D , right panel). Tumor progression was also associated with increased intensity of CD39 expression on myeloid cells (not shown). Thus, the ATPase activity in the microenvironment of B16F10 tumors was provided mostly by CD39-expressing myeloid cells. The tumor infiltrate monitored in CD39-deficient animals was similar to that observed in WT mice, indicating that CD39 expression had no impact on the composition of the infiltrate ( Figure S1E ). We then investigated the effects of host CD39 deficiency on the effector functions of tumor-infiltrating lymphocytes (TILs). Using splenic T cells as control, we compared the cytokine profiles after ex vivo stimulation of CD8 + ( Figure 1B ) and CD4 + ( Figure 1C ) TILs isolated from B16F10 tumors developing in WT or CD39-deficient mice. Interestingly, both CD8 + and CD4 + TILs from CD39-deficient mice produced more interferon (IFN)-g than TILs from WT mice upon treatment with anti-CD3/anti-CD28 antibodies, which stimulate the T cell receptor, and after phorbol 12-myristate 13-acetate (PMA)-ionomycin stimulation, which bypasses the T cell membrane receptor complex. Thus, CD39 expression promotes tumor growth, and, conversely, its genetic deficiency promotes antitumor immunity and improves the effector activities of both CD8 + and CD4 + TILs.
TILs Express Both CD39 and PD-1
In the same B16F10 model, we further analyzed expression of CD39 and PD-1 exhaustion markers at the surface of the T cell populations infiltrating the tumor bed (Blank and Mackensen, 2007; Canale et al., 2018; Gupta et al., 2015a; Simoni et al., 2018) . In the tumor bed, PD-1 and CD39 were expressed by both CD8 + and CD4 + TILs, and the frequency of CD39/PD-1 double positive infiltrating CD8 + T cells was significantly increased as compared to their splenic counterparts for which the expression was barely detectable ( Figure S1F , upper panels). Furthermore, the proportion of CD39 + cells was higher in the exhausted PD-1-expressing CD8 + TILs than in the PD-1 À T cell populations ( Figure S1F , lower left panel). In this model, PD-1 + CD39 + doublepositive TILs expressed higher levels of PD-1 and CD39 than cells positive for only CD39 ( Figure S1F , lower middle panel) or PD-1 ( Figure S1F , lower right panel), as previously reported (Canale et al., 2018) . We extended these observations to CD4 + TILs isolated from the mouse MC38 colorectal and MCA205 fibrosarcoma tumor models (data not shown). The co-expression of CD39 and PD-1 was thus a common feature of tumorinfiltrating CD8 + and CD4 + T cells.
We then monitored CD39 and PD-1 expression at the surface of tumors from patients, assessing the physiological relevance of our observations in mice. We first analyzed the expression of CD39 and PD-1 in human melanoma tumors by immunohistochemistry. CD39 was expressed by both immune and endothelial cells from the TME and by the tumor cells themselves (data not shown), as previously reported (Bastid et al., 2015) . By contrast, PD-1 expression was restricted to immune cells (data not shown). Immunofluorescence staining of tissue sections showed that some tumor-infiltrating immune cells co-expressed CD39 and PD-1 ( Figure S1G ). We confirmed the presence of CD8 + TILs co-expressing CD39 and PD-1 by flow cytometry on freshly dissociated stage IV melanoma tumors (Table S1 ). In contrast, circulating peripheral blood mononuclear cells (PBMCs) were low for these markers ( Figure S1H , left panel). We confirmed these observations on another type of cancer, the squamous cell carcinoma of the head and neck (SCCHN) ( Table S2 ). The frequencies of CD39 + PD-1 + T cells were higher in tumor samples from SCCHN patients than in periphery (Figure S1I, left panel) . As in mouse tumor models, the frequency of CD39 + cells was higher in the PD-1 + than in the PD-1 À subpopulation of TILs (Figures S1H and S1I, middle and left panels). We extended these observation to CD4 + T cells for both cancer indications. Overall, these results point out in different tumor models the specific co-expression of CD39 and PD-1 by CD8 + and CD4 + T cells infiltrating the tumor bed.
CD39 Disruption Enhances Anticancer Combination Therapies
As CD39 and PD-1 were co-expressed by large numbers of TILs in mouse tumor models and on human tumor samples, we hypothesized that targeting these two distinct inhibitory pathways together would improve antitumor immunity. We tested this hypothesis by treating B16F10 melanoma-bearing WT and CD39-deficient mice with a rat IgG2a anti-PD-1 mAb ( Figures 1D and  S2A ). The anti-PD-1 monotherapy did not affect B16F10 melanoma tumor growth in WT mice ( Figure S2A ). However, in CD39-deficient mice, anti-PD-1 treatment delayed tumor growth and resulted in tumor control in 20% of tumor-bearing mice, which remained tumor free ( Figure 1D ). Similar results were obtained with the anti-CTLA-4 mAb treatment, with 20% of the (A) B16F10 tumor cells were engrafted subcutaneously in WT (n = 16) and CD39-deficient (n = 16) mice. Effective engraftment was quantified by measuring tumor volumes, and survival was monitored. Tumor growth and survival versus time were plotted. **p < 0.01; determined by log rank (Mantel-Cox) test.
(B and C) WT and CD39-deficient mice were engrafted with B16F10 tumor cells and sacrificed when tumor volume reached 300 mm 3 . The frequency of IFN-gproducing CD8 + (B) and CD4 + (C) TILs was determined after ex vivo restimulation as indicated. n = 13 for WT and n = 12 for KO mice. The data are presented as box and whiskers. **p < 0.01, ***p < 0.001, ****p < 0.0001; non-parametric Kruskal-Wallis test followed by a Dunn's multiple comparisons test. (D) B16F10 tumor cells were engrafted subcutaneously in WT (n = 20) and CD39-deficient (n = 20) mice. Tumor-bearing mice were then treated twice weekly, from day 6, for 3 weeks, with anti-PD-1 antibody. Graphs show tumor growth in each individual and combined survival curves. CR, complete regressions. (E) MCA205 fibrosarcoma cells were engrafted subcutaneously into WT and CD39-deficient mice. Tumor-bearing mice were then treated once with oxaliplatin (OXA) at day 5 (left panels, WT mice: green curves, n = 42; CD39-deficient mice: blue curves, n = 42) and twice weekly, from day 6, for 3 weeks with control IgG2a mAb (middle panels, WT mice: black curves, n = 40; CD39-deficient mice: blue curves, n = 40) or with anti-PD-1 antibody (right panels, WT mice: black curves, n = 27; CD39-deficient: blue curves, n = 27). Graphs show tumor growth in each individual (upper panels) and combined survival curves (lower panels).
(F) Experiment similar to that in (E) in mice receiving antibodies depleting CD8, CD4, or NK cells. Combined survival curves for n = 10 mice/group. The data presented are the pooled results of two (A and B), four (E), and three (F) independent experiments. In (A) and (D)-(F), *p < 0.05, **p < 0.01, ****p < 0.0001; log rank (Mantel-Cox) test for Kaplan-Meier survival curves.
B16F10-engrafted CD39-deficient mice cured by treatment, whereas only 5% of WT mice survived ( Figure S2B ). Thus, cancer treatments with ICIs were more potent when the CD39-related Ado pathway was silenced. We further investigated the role of CD39 in the MCA205 fibrosarcoma model to challenge our findings obtained with B16F10 melanoma cells. CD39 deficiency had little effect on the control of MCA205 tumor growth ( Figure S2C ). Similarly, anti-PD-1 mAb treatment in WT mice had weak effect on tumor progression (Figure S2D, upper panel) . In contrast to the B16F10 mouse melanoma model, treatment with anti-PD-1 mAb in CD39-deficient mice did not lead to tumor clearance, but tumor growth was delayed (over the treatment period) in only a few anti-PD-1 mAb-treated CD39-deficient mice ( Figure S2D , lower panel). We therefore sought to strengthen the immune response by combining our approaches with oxaliplatin (OXA) treatment, an immunogenic chemotherapy known to induce the release of extracellular ATP (Kroemer et al., 2013) . A single injection of OXA in WT mice slightly improved tumor growth control and mouse survival following the injection of MCA205 tumor cells ( Figure 1E , left panel). Tumor growth was delayed further in tumor-bearing CD39-deficient mice treated with OXA, and only a few mice could be cured ( Figure 1E , middle panel). The combination of OXA and anti-PD-1 mAb treatments in WT mice improved tumor growth control, and complete tumor regressions were observed in more than 65% of tumor-bearing mice. The combination of OXA and anti-PD-1 mAb treatments in CD39-deficient mice significantly improved treatments and cured almost all the tumor-bearing mice, with close to 90% of the mice surviving the grafting of MCA205 tumors (Figure 1E, right panel) . The combination therapy acted principally through CD8 + T cells, with the help of CD4 + T cells but not NK cells, as the injection of depleting anti-CD8b and anti-CD4 mAbs impaired survival, whereas antibodies directed against NK1.1 did not ( Figure 1F ). Tumor-bearing WT and CD39-deficent mice cured by combination therapies developed a long-term anti-tumor immune memory, as demonstrated by tumor re-challenge experiments (data not shown). Thus, CD39 deficiency increased the efficacy of combined ICIs and chemotherapy treatments, providing the rationale to evaluate whether the blockade of CD39 would increase treatment efficacy in cancer patients.
IPH5201 Antibody Blocks the Activities of Both Membrane-Bound and Soluble CD39
We generated anti-human CD39 antibodies and assessed their ability to block ATPase activity. We identified an anti-human CD39 mAb, IPH5201, which specifically recognized recombinant human CD39 (ENTPD1) and not CD39L1 (ENTPD2), CD39L2 (ENTPD6), CD39L3 (ENTPD3), or CD39L4 (ENTPD5) (Figure S3A ). IPH5201 and the previously described BY40 had similar affinities for CD39, as shown by flow cytometry (Figure S3B) and surface plasmon resonance (SPR; Figure S3C ) analyses. Neither IPH5201 nor BY40 downregulated membrane-associated CD39 ( Figure S3D ). We further assessed the ectonucleotidase-blocking activity of IPH5201 relative to that of BY40. WIL2-NS and Mino CD39-expressing tumor cells ( Figure S3E ) were incubated with ATP in the presence or absence of the two anti-CD39 mAbs, and residual ATP levels in the supernatant were determined (Figures 2A and S3F, respectively) . Both model cell lines efficiently hydrolyzed extracellular ATP, since no to low residual ATP could be detected in the absence of mAb or in the presence of an isotype control. By contrast, we observed a dose-dependent inhibition of ATP hydrolysis when cells were incubated with IPH5201. ATP hydrolysis was also decreased by the addition of BY40 mAb to the culture medium but to a lesser extent than with IPH5201 (Figures 2A and S2F ). We also evaluated the efficacy of IPH5201 for blocking the soluble form of CD39 protein. Interestingly, IPH5201 efficiently blocked the enzyme activity of the soluble CD39 protein present in the supernatant of WIL2-NS and Mino cell lines, whereas BY40 did not (Figures 2B and S3G) . We confirmed the ability of IPH5201, but not of BY40, to block CD39 enzyme activity on soluble recombinant CD39 protein ( Figure 2C ). Importantly, IPH5201 also blocked the CD39 enzymatic activity from primary tumor biopsies of melanoma, sarcoma, and ovarian cancer patients ( Figure 2D ; Table S3 ). Thus, IPH5201 anti-CD39 mAb blocked the ATPase activity of CD39 more effectively than BY40 by inhibiting both membrane and soluble forms of the enzyme.
Blocking CD39 Ectonucleotidase Activity Preserves Immunogenic ATP and Limits Immunosuppressive Adenosine Production
We hypothesized that the inhibition of ATP hydrolysis, leading to ATP accumulation, would favor the maturation and activation of DCs, as suggested in a previous study (Kroemer et al., 2013) . We therefore treated monocyte-derived DCs (MoDCs) with a dose-range of ATP in the presence or not of IPH5201, BY40, or a control mAb and assessed phenotypic changes and the stimulatory potential of conditioned MoDCs. The expression of HLA-DR and CD83 were increased by ATP in presence of IPH5201 but not BY40 or control mAb ( Figure 2E , middle panels). The phenotypic maturation of MoDCs observed in the presence of IPH5201 was also functionally associated with improvement in the stimulation of allogeneic CD4 T cells in a mixed lymphocyte reaction assay ( Figure 2E , right panel). Finally, we evaluated the effect of CD39 blockade on the inflammasome pathway by assessing interleukin 1b (IL-1b) secretion from in vitro-derived M1 macrophages stimulated with lipopolysaccharide (LPS). IPH5201 efficiently promoted LPS-induced IL-1b production, whereas BY40 did not ( Figure 2F , right panel). As hypothesized, IPH5201 enhanced the phenotypic maturation and the activation of DCs and macrophages by inhibiting ATP hydrolysis.
We then investigated the efficacy of IPH5201 anti-CD39 mAb for preventing the immunosuppressive effects of Ado. The proliferation of CD4 + and CD8 + T cell preparations enriched from human peripheral blood was strongly impaired after anti-CD3/ CD28 stimulation if ATP was added to the assay. IPH5201 efficiently restored T cell proliferation in a dose-dependent manner to the levels observed in the absence of ATP addition, whereas BY40 was much less effective in restoring T cell proliferation ( Figure 2G ). Thus, the blocking anti-CD39 mAb IPH5201 preserved extracellular ATP, thereby promoting the activation of DCs and 
IPH5201 Blocks CD39 in Human CD39 Preclinical Mouse Model and Promotes Antitumor Immunity
We generated human CD39 knockin mice by replacing the mouse CD39 with human CD39 protein using a KO/knockin (KI) molecular biology strategy. In this model, the human CD39 expression phenocopied the expression of mouse CD39 ( Figure S5A ). Ex vivo, splenocytes from human CD39 KI mice left untreated or treated with a control mAb hydrolyzed extracellular ATP as well as cells from WT mice ( Figure 3A , left panel). Murinized IPH5201 (IPH5201 with a mouse Fc silent IgG1 isotype, referred to as moIPH5201 thereafter) mouse treatment prevented ex vivo ATP hydrolysis by human CD39 KI cells, and ATP levels were similar to those measured for CD39-deficient cells. Similar results were obtained with spleen dissociation supernatants ( Figure 3A , right panel). We further showed that in vivo moIPH5201 did not deplete or modify the relative number of the immune cell subsets, including CD39-expressing cells such as Treg or myeloid cells ( Figure S5B ). Collectively, these results showed that moIPH5201 mice treatment efficiently inhibits membrane and soluble human CD39 enzyme expressed by human CD39 KI primary immune mouse cells ex vivo without mediating CD39-expressing immune cell depletion in vivo.
We then assessed the antitumor potency of moIPH5201 in preclinical human CD39 KI mouse model grafted with MCA205 tumors ( Figure 3B ). As observed in CD39-deficient mice, moIPH5201 did not rescue mice from death when used as a single agent when compared to control group. By contrast, with sub-optimal regimen, chemotherapy rescued around 30% of tumor-bearing mice from death, as shown by comparison with untreated mice. A combination of IPH5201 and OXA had a synergistic effect, improving the control of tumor growth and rescuing close to 60% of the mice from death ( Figure 3B ). These results confirmed our previous findings showing that the blockade of the adenosinergic pathway, either by the genetic deletion of CD39 or by its blockade with moIPH5201, combined with immunogenic chemotherapy had therapeutic anti-tumor effects in preclinical mouse model.
Targeting the CD73 Enzyme Limits Immunosuppressive
Adenosine Production CD73 degrades AMP into immunosuppressive Ado. Given the potential in vivo redundancy of CD39 with AMP-generating enzymes such as CD38 molecule, targeting CD73 in addition to CD39 would further limit the Ado production. We thus decided to generate monoclonal antibodies blocking human CD73 enzymatic activity to complete our strategy of inhibition of the Ado pathway in patients. We selected an anti-human CD73 mAb, IPH5301. We then compared IPH5301 with two benchmarked mAbs, MEDI9447 (MedImmune) and CD73.4 (Bristol-Myers Squibb). These three mAbs had similar affinities for A375 and MDA-MB-231 CD73-expressing tumor cell lines, with similar half maximal effective concentration (EC 50 ) values ( Figure S5A ). SPR analysis showed that intact IPH5301 mAb and IPH5301 Fab had a K D on recombinant CD73 similar to that of benchmarked mAbs and Fabs, respectively ( Figure S5B ).
We further evaluated the ability of IPH5301 to block membrane-associated and soluble CD73 enzyme activity. IPH5301 strongly inhibited AMP hydrolysis at the membrane of A375 (Figure 4A ) and MDA-MB-231 ( Figure S5C ) cancer cells and did so more effectively than MEDI9447 and CD73.4 benchmarked mAbs. IPH5301 also blocked the activity of the soluble CD73 enzyme more effectively than the other two anti-CD73 mAbs, especially at high Ab concentration ( Figures 4B and S5D ). Finally, unlike MEDI9447 and CD73.4, IPH5301 did not downregulate CD73 levels at the membrane of A375 ( Figure 4C ) and MDA-MB-231 ( Figure S5E ) cell lines.
We assessed the ability of IPH5301 to reverse the immunosuppressive effect of AMP on T cells. Exogenous AMP strongly inhibited both CD4 + and CD8 + T cell proliferation ( Figure 4D , open versus closed squares). IPH5301 blocked this inhibition in a dose-dependent manner and appeared to be more efficient than the other two anti-CD73 mAbs with both subsets ( Figures 4D and 4E ). We then investigated whether IPH5301 could block the Ado-mediated suppression of T cell proliferation in a MLR model ( Figure 4F ). MoDCs induced a potent proliferation of allogeneic T cells that was inhibited by the addition of ATP ( Figure 4F , middle panel). IPH5301 blocked the ATP-mediated T cell suppression, in a dose-dependent manner ( Figure 4F , right panel). Overall, these results indicate that blocking CD73 enzyme activity with IPH5301 efficiently inhibits ATP-derived AMP hydrolysis into Ado, thereby promoting T cell proliferation, with a different mechanism of action compared to benchmarked mAbs as it does not induce internalization, while being more active in several tests. (B) Anti-tumor potency of IPH5201 combined with OXA was assessed in human CD39KI mice as diagrammed. Tumor growth and mouse survival were monitored for 50 days. Results are a pool of 2 independent experiments on 13 and 12 mice per group, respectively.
IPH5301 Blocks Enzyme Activity by Constraining CD73 in an Intermediate Conformation
To get more insight into the mechanism of action of the IPH5301 blocking mAb, we dissected its association with CD73 using two complementary approaches. First, the negative staining of the CD73-IPH5301 complex analyzed by electron microscopy revealed that the intact IPH5301 mAb interacts with the N-terminal domains of the CD73 dimers mainly in a 1:1 stoichiometry (i.e., 1 IPH5301 mAb for 1 CD73 dimer; Figure 5A ). This observation was confirmed by the electronic microscopy image of a complete field of particles and a SDS-PAGE analysis of IPH5301 and CD73 ectodomain main complexes collected after gel filtration using a Superose 6 column ( Figures S6A-S6C ). Second, we determined the crystal structure of IPH5301 Fab in complex with the ectodomain of CD73 to 2.78 Å resolution (PDB: 6HXW). There is a zero occupancy for the constant domains (both light and heavy chains) of one IPH5301 Fab as it was not stabilized in the crystal packing. However, the variable chains of this Fab is well defined in the electron density map, indicating that it was present in the crystal ( Figure S6D ). Thus, we set the occupancy to zero for the corresponding atoms (816 atoms out of a total of 14,641). This analysis indicated that IPH5301 Fab interacts with the catalytically active closed state of CD73 ( Figure 5B ; Table  S4 ). Indeed, previous structural studies of CD73 have shown that its enzymatic activity requires extensive N-terminal domain rotation defining open (inactive) and closed (active) states of the enzyme (Knapp et al., 2012) . Taken into consideration the 1:1 stoichiometry between an intact IPH5301 mAb and a CD73 dimer, it is anticipated that steric hindrance would make it unlikely that the intact mAb could bind to CD73 open conformers ( Figure 5C , left panel). Our data thus support a model for the mode of action of IPH5301, as the intact mAb constrains CD73 in an intermediate state in which AMP could not be hydrolyzed ( Figure 5C , right panel). This model is further supported by the fact that monovalent IPH5301 Fab failed to block membraneassociated CD73 enzymatic activity ( Figure S6E ). Furthermore, the IPH5301 Fab orientation on the N-terminal domain of CD73 is compatible with an intra-dimer binding mode as it is located right on the apex of the molecule (not shown) in contrast to Medi9447 and CD73.4 mAbs, whose epitopes are eccentric and that are described to interact with CD73 in an inter-dimer mode (Geoghegan et al., 2016; Larrick et al., 2016) . Finally, the absence of detectable downregulation of CD73 by IPH5301 immunoglobulin G (IgG) is consistent with intra-dimer binding, rather than the downregulation-inducing crosslinking expected from inter-dimer contacts. (Figures 6A and 6B) . As previously mentioned, some membrane ATPase may generate AMP and mediate immunosuppression through Ado that could overcome the sole blockade of CD39. In light of these data, we investigated whether the combination of IPH5201 and IPH5301 could synergize to block the adenosinergic pathway. Dose-ranges of IPH5201 and IP5301 mAbs were used to treat PBMCs from healthy donors in combination with sub-optimal doses of IPH5301 and IPH5201, respectively. As previously observed ( Figure 6B ), saturating doses of both mAbs potently blocked ATP-mediated T cell suppression. When used in combination at inefficient suboptimal doses, the anti-CD39/CD73 mAbs acted in synergy to abrogate suppressive effect of ATP and promote the proliferation of T cells from healthy donors (Figures 6C and 6D) . Similar results were obtained for T cells from breast cancer patient PBMCs ( Figure 6E and Table S5 ). Overall, these data suggest that the concomitant blockade of both CD39 and CD73 immunosuppressive enzyme can limit Ado-mediated T cell inhibition, thereby enhancing anti-tumor immunity.
DISCUSSION
Primary or acquired resistance to cancer immunotherapy is common, prompting the identification of predictive markers and the causes of resistance mechanisms to ICIs (Sharma et al., 2017 ). An increase of CD39 and CD73 at the tumor bed signals an immunosuppressive environment inhibiting anti-tumor immune responses and favoring tumor spreading. Combining genetic and antibody-mediated approaches, we investigated here the impact of blocking CD39 and CD73 ectoenzymes to overcome Ado-mediated immunosuppression and reinforce anti-tumor immunity. Besides its well-described ATPase activity, deep phenotypic profiling of tumor microenvironment identifies CD39-expressing T cells as a specific cell subtype of TILs (Canale et al., 2018; Gupta et al., 2015b; Simoni et al., 2018) . We confirm here the co-expression of CD39 and PD-1 by TILs in melanoma, fibrosarcoma, and colon cancer preclinical mouse models as well as in human melanoma and head and neck squamous cell carcinoma (HNSCC) specimens. We used therapy-resistant mouse models or inefficacious treatment regimens to assess the capacity of CD39 blockade to modulate the immune response to chemotherapies and ICIs. We demonstrated an increased efficacy of anti-PD-1 and anti-CTLA-4 treatments in CD39-deficient animals grafted with a B16-F10 melanoma cell line. Using MCA205, a sarcoma tumor model resistant to PD-1 treatment when used as single agent, we showed that suboptimal chemotherapy regimen enhanced the effects of anti-PD-1 treatment in WT mice. These synergistic effects were improved in CD39-deficient mice as the combination of both therapies rescued almost all the mice from death. Thus, the genetic deletion of CD39 ectonucleotidase in combination with other cancer treatments is beneficial and improves anti-tumor immunity. These results reinforce the previous demonstration that blockade of Ado generation via CD73 or its signaling through A2AR act in synergy with anti-PD-1 or anti-CTLA-4 mAbs in preclinical studies (Allard et al., 2013; Beavis et al., 2013; Iannone et al., 2014; Waickman et al., 2012) . Based on these data, phase I/II clinical trials evaluating the blockade of CD73 or A2AR in combination with inhibitors of the PD-1/PD-L1 axis are currently being conducted (NCT02503774, NCT03611556, NCT03616886, NCT02655822, NCT03549000, and NCT03454451).
In line with our preclinical mouse model data, we generated an anti-CD39 mAb, IPH5201, which was found to be more effective than the previously reported membrane CD39 blocking mAb, BY40, as IPH5201 inhibited both the membrane-bound and soluble forms of the enzyme. By inhibiting the degradation of ATP, IPH5201 not only limits Ado accumulation and its immunosuppressive effect on effector T cells but also efficiently promotes the activation of DCs and macrophages through the maintenance of the extracellular ATP pool. The dual effect of IPH5201 might be most interesting for the design of combinatorial therapies as the efficient release and accumulation of ATP appear to be critical for the immunogenic response after chemotherapy treatment. Indeed, chemotherapeutic agents, such as OXA and mitoxantrone that induce ATP release, fail to elicit an efficient immunogenic response in CD39 + cancer cells, due to a CD39-dependent ATP hydrolysis (Michaud et al., 2011) . In addition to the priming of the immune response, extracellular ATP is also known to specifically inhibit tumor cell proliferation and to promote cancer cell death (Feng et al., 2011; White and Burnstock, 2006) . The pluripotent role of ATP in eliciting potent anti-tumor response strengthened the interest of blocking CD39 ATPase activity for the treatment of cancer. Encouragingly, we confirmed the therapeutic potential of moIPH5201 in combination with immunogenic chemotherapy, using a human CD39 KI mouse model. Altogether, these observations paved the way to clinical trials of IPH5201 mAb in cancer patients. However, there might be conditions where other enzymes generating AMP, such as NPP1 or CD38, can compensate for the lack of CD39 activity and lead to generation of Ado in the tumor microenvironment. In this context, the blockade of the adenosinergic pathway downstream of ATP hydrolysis (i.e., CD73, Ado receptors) is of most interest. We generated an anti-CD73 mAb that inhibited both the membrane-bound and soluble forms of the enzyme more effectively than benchmark mAbs (i.e., MEDI9447 from MedImmune, BMS986179 from Bristol-Myers Squibb), with differentiated mechanism of action. Anti-CD73 mAbs are currently under evaluation in phase I/II clinical trials, either alone or in combination with durvalumab, nivolumab, or pembrolizumab and adenosine receptor (AdoR) inhibitors, tyrosine kinase inhibitors (TKIs), and chemotherapies for the treatment of advanced solid tumors. Preliminary data for the combinations indicate a tolerable safety profile similar to those for durvalumab or nivolumab monotherapies, consistent with minor phenotypic modification observed in KO mice (Blume et al., 2012; Sun et al., 2010) . Furthermore, promising anti-tumor efficacy was observed with both anti-CD73 mAbs in combination with PD- ( À3 mg/ml of IPH5301 (purple curve). Potency of IPH5201 at 10 À3 mg/ml is also shown (red symbol). Data are representative of at least five experiments with independent donors. (E) Experiment similar to that in (C) and (D) with PBMCs from breast cancer patients. Presented IPH5201 and IPH5301 concentrations (alone or in combination) are 10 À1 mg/ml and 10 À2 mg/ml, respectively. Data are representative of three experiments performed on independent human subjects.
2018). The development of IPH5301 for clinic al use in several human cancer indications is therefore underway. Besides the combination of inhibitors of the adenosinergic pathway with conventional or targeted therapies and immune checkpoint blockers, it remains to be addressed whether coblockade of CD39, CD73, and/or A2AR might be redundant or not. Interestingly, the co-inhibition of CD73 and A2AR has been shown to improve anti-tumor immune responses and limit tumor initiation, growth, and metastasis in breast, melanoma, and fibrosarcoma preclinical models (Young et al., 2016) . Furthermore, recent data showed that human tumor cells may express CD38, an ectoenzyme that mediated immunosuppression through the indirect production of AMP, thus of Ado, and favored tumor cell escape from PD-1/PD-L1 axis blockade (Chen et al., 2018) . In this context, we anticipated a synergistic effect of CD39 and CD73 blocking antibodies to improve anti-tumor immune responses. A differentiated effect of blocking CD39, contrary to A2AR or CD73 inhibitors, is to preserve the immunostimulatory ATP pool. Indeed, by limiting the generation of Ado, a major inhibitor of effector T cell and NK cell antitumor activities, and increasing levels of extracellular ATP, an inhibitor of tumor cell proliferation and an essential sensor molecule that attracts antigen-presenting cells to the tumor site, we expected a clinical benefit of the association. As a first step, we demonstrated here that both IPH5201 and IPH5301 mAbs efficiently block ATPmediated inhibition of activated T cells. More importantly, when used at sub-optimal concentrations, both antibodies act in synergy to restore proliferation of T cells within PBMC obtained from healthy donors and breast cancer patients.
In conclusion, we report here the positive impact of blocking the CD39 and the CD73 ectoenzymes on the immune system and the generation of two mAbs, IPH5201 and IPH5301, targeting the CD39 and CD73, respectively. These mAbs inhibited the Ado pathway more effectively than the previously described mAbs. The clinical development of IPH5201 and IPH5301 should be beneficial for several human cancer indications, particularly if these mAbs are used in combination with each other, with ICIs, and with chemotherapies.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Sun, X., Han, L., Seth, P., Bian, S., Li, L., Csizmadia, E., Junger, W.G., Schmelzle, M., Usheva, A., Tapper Tables S1 and S3 . Peripheral blood and tumor tissues from SCCHN patients were obtained at the time of surgical resection under Institut Curie approved protocol and written informed consent from each patient. Patients' characteristics are summarized in Table S2 .
STAR+METHODS KEY RESOURCES TABLE
Fresh ovary cancer and sarcoma specimens were provided by the Institut Ré gional du Cancer de Montpellier (BioBank #BB-033-0059) under an approved protocol and written informed consent from each patient. Patients' characteristics are summarized in Table S3 .
Frozen PBMC from breast cancer patients were obtained under Institut Paoli Calmette approved protocol and written informed consent from each patient. Patients' characteristics are summarized in Table S5 .
Peripheral blood samples from healthy donors were obtained from Etablissement Francais du Sang (EFS, Marseille) under a written consent obtained from each volunteer.
Formalin-fixed paraffin-embedded tissue sections from melanoma patients were provided by Prof. Sylvain Lehmann, the director of the BB-033-00031 Biobank at the Centre Hospitalier Ré gional Universitaire de Montpellier.
Mice CD39-deficient mice (C57BL/6N), generated by OREGA Biotech, were bred and kept under specific and opportunistic pathogen-free conditions at the Charles River animal facility. C57BL/6N mice were purchased from Envigo or Charles River. For experiments, mice were kept in specific pathogen-free conditions in the animal facilities of the Institut de Recherche sur le Cancer de Montpellier. All procedures for animal handling and experiments were approved by the ethics committee of the local animal facility (''ComEth'') and the institutional review board, under the authority of the regional ethics committee for animal experimentation.
Human CD39 KI mice (B6-Entpd1tm1Ciphe) were generated at UMS-CIPHE (Marseille, France) with the following strategy: briefly, the human cDNA sequence coded by exons 2-10 were placed with the 2 nd exon of the mouse CD39 gene. Chimeric germline transmitting HE mice were crossed to generate HO human CD39ki mice, and further backcrossed under 6 generations with C57BL/6N mice. Human CD39 ki mice were further bred at the CIPHE animal facility (Marseille) under specific pathogen free conditions. For tumor experiments, female mice were used at 6 to 12 weeks of age, kept under specific and opportunistic pathogen free conditions at Innate Pharma animal facility (Marseille). All animal experiments were performed in accordance with the rules of the Innate Pharma ethics and animal welfare committees.
Cell lines B16F10 and MCA205 cells were maintained in complete DMEM (GE Healthcare Life Sciences) supplemented with 10% fetal calf serum (FCS), and 2 mg/ml gentamycin (Life Technologies). MC38 cells were grown in complete RPMI 1640 medium supplemented with 10% FCS, 16 mM HEPES (Life Technologies) and 2 mg/ml gentamycin. WIL2-NS and Mino cell lines were maintained in RPMI 1640 medium supplemented with 10% FCS, 1% GlutaMAX and 1% Sodium Pyruvate (all from Life Technologies). A375 and MDA-MB-231 were grown in DMEM medium supplemented with 10% FCS, 1% L-Glutamine 200 mM and 1% Sodium Pyruvate (all from Life Technologies). All cell lines were cultured at 37 C under an atmosphere containing 5% CO 2 . All cell lines were tested regularly for mycoplasma contamination, and the murine cell lines used for tumor grafts were also regularly tested for rodent pathogens.
METHOD DETAILS Antibody cloning, chimerization and purification
The cloning vector used in this study is the Selexis mammalian expression vector plasmid. mRNA of IPH5201 and IPH5301 hybridomas were purified and cDNA were generated to perform PCR with pools of primers allowing the amplification of VH and VL sequences of mouse variable domains. The VH purified PCR products were then cloned into the SLX HUB3 vector. This vector contains a human IgG1 sequence harboring 5 mutations that abrogate FcR binding (L234A/L235E/G237A/A330S/ P331S). The VL purified PCR products were cloned into the SLX HuCk vector. PCR were performed on the bacterial colonies obtained after the In-Fusion ligations and the selected positive clones were prepared as miniprep and sequenced. VH and VL plasmids were transfected in CHO cell line according the standard nucleofection protocol (Amaxa, 4D-Nucleofector). After 7 days of culture, supernatants were harvested and the antibodies purified onto protein-A Sepharose beads.
The VH and VL chains of the isotype control antibody were selected from an antibody that binds a toxin produced by a Mexican Scorpio. MEDI9447 (MedImmune) and CD73.4 (Brystol Meyer Squibb) mAbs were cloned using the VH and VL chain sequences published in #WO 2016/075099 Al and #WO 2016/081748 A3 application patents, respectively. All VH and VL sequences were chemically synthesized. The control Ab was cloned into the SLX HUB3 (VH) and SLX HuCk (VL) vectors. MEDI9447 was cloned into the SLX HUB3 (VH) and SLX HuCl (VL) vectors. CD73.4 was cloned into SLX HUG2G1 (VH) and SLX HuCk (VL) vectors. The HUG2G1 vector contains a human IgG1 sequence harboring 2 mutations that abrogates FcR binding (A330S/ P331S) and the CH1 + Hinge region of an IgG2 that contains a mutation in position 219 (C219S).
Flow cytometry
For immunophenotyping, cells were incubated with either mouse or human blocking buffer (Miltenyi Biotec) for 20 min at 4 C in FACs buffer, pelleted and resuspended in appropriate antibody cocktail for 1 h at 4 C. Cells were then fixed and permeabilized with the corresponding buffer and stained for intracellular protein detection for 1 h for human cells or overnight for mouse cells, at 4 C in the dark. Cells were finally fixed with 1% PFA in PBS and stored until acquisition with a Fortessa or Cytoflex flow cytometer. Data were analyzed with Flowjo 10 software.
To assess Ab-mediated CD39 or CD73 down-modulation, 10 5 WIL2-NS, A375 and MDA-MB-231 cell lines were distributed into round-bottom 96W-microplates in presence of 10 mg/ml anti-CD39 (WIL2-NS) or anti-CD73 (A375, MDA-MB-231) Abs. Cells were incubated for a time-course at 4 C and 37 C and at the different time-points, cells were recovered, washed twice in staining buffer and incubated for 30 additional minutes with a fixed dose of the same Ab used for the time-course. Bound Abs were revealed with a PE or APC-conjugated goat anti-human IgG Fc secondary Abs for 20 min at 4 C. Cells were then analyzed on a Fortessa flow cytometer. The relative expression of CD39 and CD73 was determined using the first-time point as reference and plotted versus time on graphs using GraphPad Prism program.
Murine tumor models and treatments 5x10 4 B16F10 or 5x10 5 MC38 or 10 6 MCA205 cells resuspended in 100 ml of PBS were injected subcutaneously (s.c.) into 9-to 12-week-old WT or CD39-deficient female mice. Tumor growth was monitored three times per week with a caliper and mice were killed when the tumor reached a volume of 1500 mm C. 50 ml of supernatant of both conditions were transferred in white well plates for the quantification of residual ATP using Cell Titer Glo assay. WT and mouse CD39 KO mice were used as control. ATP in absence or presence of cells or supernatants were plotted on graphs using GraphPad Prism software.
In order to assess anti-tumor effect of IPH5201 and oxaliplatin in vivo, human CD39 KI mice were i.p. grafted with 1x10 6 MCA205 cells in PBS (100 ml/mouse). Then, the mice received 8 i.v. injections of IPH5201 or control Ab (400 mg/mouse for the 1 st injection, 200 mg/mouse all others; day 4, 7, 11, 14, 19, 22, 26, 29) and 2 i.p. injections of Oxaliplatin (10 mg/kg; day 5 and 12 or 14). Tumor growth was monitored three times a week and mice were euthanized when the tumor reached a volume of 2000 mm 3 or in case of tumor necrosis. Tumor volume was calculated as previously mentioned. Tumor volume or percent of survival versus time were plotted on graphs using GraphPad Prism software.
AMP determination by MALDI-TOF spectrometry Cells were washed in cold PBS and resuspended in PBS supplemented with 50 mM ATP in the presence or absence of CD39 inhibitors (ARL67156 100 mM, CD39 antibodies or isotype controls at 15 mg/ml) for 30 minutes at 4 C. After centrifugation, the AMP levels in the supernatant were determined by mass spectrometry. Briefly, an internal standard working solution was prepared by directly mixing GMP (m/z = 364.06) with matrix solution (5 mg/ml cyano-4-hydroxycinnamic solved in 70% acetonitrile/0.1% TFA). Equal volumes of analyte and internal standard solutions were mixed and two microliters of the mixture was spotted in triplicate onto the MALDI-TOF target plate. For each spot, a 4800 Plus MALDI-TOF/TOF Proteomics Analyzer was used to acquire 40 mass spectra automatically (50 shots/spectrum) in positive reflector ion mode in the m/z 250-370 range. For quantitative measurements, the laser power was adjusted automatically to prevent signal saturation. Only spectra for which the maximum peak height was within a specific interval were retained. The spectra were averaged and the analyte/internal standard peak area ratios were calculated as response factors, by averaging four measurements. A calibration curve obtained with pure AMP (10-50 mM) was used to calculate the concentration in each sample. Results are expressed as the fold-increase in AMP levels relative to ATP alone or as percentage inhibition of AMP generation relative to isotype control conditions.
Isolation of immune cells
Spleens and tumors were recovered in ice-cold PBS supplemented with 0.5% BSA and 2 mM EDTA (dissociation buffer) and were mechanically dissociated. For spleens, red blood cells were eliminated by adding 2 mL ACK lysing buffer. White blood cells were recovered by centrifugation, washed with PBS and resuspended in RPMI 1640 plus 10% FCS for functional assays or in flow cytometry buffer (2% FCS, 0.5 M EDTA, 0.02% NaN3 in PBS) for staining and flow cytometry analysis. Human tissues, MCA205 and MC38 tumors were minced to generate 2 mm 3 fragments, which were treated with collagenase IVs (200 mg/ml for mouse tissues, 1 mg/ml for human tissues) and DNase (50 U/ml) in Hank's balanced salt solution for 1 hour at 37 C in C Tubes (Miltenyi Biotec). Mechanical dissociation was performed simultaneously, with a gentleMACS dissociator, according to the appropriate preprogrammed protocol provided by the manufacturer. After dissociation, the tumor cells were passed through filters with 70 mm and 40 mm pores (Falcon; Cell Strainerr) and centrifuged. Pellets were resuspended in RPMI 1640 plus 10% FCS for functional assays or in flow cytometry buffer for staining and flow cytometry.
Blockade of membrane-associated CD39 or CD73 activity WIL2-NS and Mino cell lines were plated in TBS in presence of a dose range of anti-CD39 Abs for a 1 hour incubation period at 37 C. 20 mM ATP were added to the cells for 1-additional hour at 37 C. Supernatants were transferred into 96W white microplates (Greiner Bio One) and CellTiter Glo TM was added to the plates. Emitted light was measured on an Enspire plate reader.
A375 and MDA-MB-231 cell lines were plated in TBS in presence of a dose range of anti-CD73 Abs for a 1 hour incubation period at 4 C. 12.5 mM AMP were added to the cells for 1-additional hour at 4 C. Supernatants were transferred into 96W white microplates and residual AMP was quantified using the AMP Glo TM assay. Emitted light was measured on an Enspire plate reader. Residual ATP or AMP versus Ab concentration were plotted on graphs and EC 50 were calculated using GraphPad Prism software. The percentage of enzymatic activity inhibition was calculated as described below:
ðCells + ATðMÞP + AbÞ À ðCells + ATðMÞPÞ ðATðMÞPÞ À ðCells + ATðMÞPÞ 3 100
Blockade of soluble CD39 or CD73 activity WIL2-NS and Mino cell lines (10 6 cells/ml) were cultured for 24 h at 37 C then cell supernatants (SN) were carefully picked-up, centrifuged at 140 g for 10 min at RT, transferred into new tubes and centrifuged at 368 g for 10 min at RT. SN were distributed in 96-well flat-bottom plates in presence of anti-CD39 Ab dose-ranges and incubated for 1 hour at 37 C. 20 mM ATP were added and plates were incubated 2h at 37 C. The reactional medium was transferred into Microclear-96 plates and residual ATP was quantified using the CellTiter Glo TM assay. A375 and MDA-MB-231 cell lines (1.2x10 6 and 2.4x10 6 cell/cm 2 , respectively) were cultured for 36 h at 37 C then cell supernatants (SN) were carefully picked-up, centrifuged twice at 3000 g for 5 min at RT. SN were distributed in 96-well flat-bottom plates in presence of anti-CD73 Ab dose-ranges and incubated for 1 hour at 37 C. 200 mM AMP were added and plates were incubated 2 h at 37 C. The reactional medium was transferred into Microclear-96 plates and residual AMP was quantified using the AMP Glo TM assay. In both assays, luminescence was quantified on an Enspire plate reader. Residual ATP/AMP versus Ab concentration was plotted on graphs using GraphPad Prism software. The percentage of enzymatic activity inhibition was calculated as previously described by replacing cells by SN in the formula.
In vitro enzymatic assay on recombinant soluble CD39 50 to 800 ng/ml of recombinant human CD39 were incubated in white 96W flat-bottom microplates in the presence of a dose range of anti-CD39 or isotype control Abs or ARL67156 chemical inhibitor. Plates were incubated for 1h at 37 C. Depending on the experiment, 12.5 mM or 20 mM ATP were added to each well and plates were incubated at 37 C for 30 supplemental minutes. Luciferase/luciferin-containing CellTiter Glo was added into wells, plates were incubated for 5 minutes at RT in the dark and emitted light was measured using an Enspire plate reader. Luminescence units versus anti-CD39 Ab concentration was plotted in graphs using GraphPad Prism software.
T cell proliferation assay
Peripheral blood from healthy donors was obtained from the EFS and mononuclear cells were isolated on a Ficoll gradient. Lymphocytes were further enriched on a 52% Percoll gradient (cell pellets) and stained with a 2 mM CellTrace Violet (Thermofisher, #C34557). 5x10 4 to 1x10 5 of stained cells were distributed in 96w round-bottom plates, incubated for 1h at 37 C with anti-CD39 or anti-CD73 Abs and activated for 3 to 5 days by addition of anti-CD3/anti-CD28-coated beads. Inhibition of T cell proliferation was achieved by addition of 200 mM ATP (CD39 analysis) or AMP (CD73 analysis). T cell proliferation and the ability of Abs to block the immune suppressive effect of AMP were assessed by flow cytometry by quantifying the dye dilution on proliferating T cells. Percentage of proliferating T cells versus anti-CD73 Ab concentration is plotted on graphs using GraphPad Prism software. Some experiments were done on whole PBMC from healthy donors or cancer patients. Protocol is as described above except that T cell suppression was achieved by addition of 0.5 to 1 mM ATP.
In order to compare donors or patients, T cell proliferation was normalized using the following formula:
ðActivated cells + ATðMÞP + AbÞ À ðActivated cells + ATðMÞPÞ ðActivated cellsÞ À ðActivated cells + ATðMÞPÞ 3 100
Allogeneic mixed Lymphocyte Reaction (MLR) assay Mononuclear cells from healthy donors (EFS Marseille) were isolated on a Ficoll gradient and monocytes were purified by immunomagnetic selection using CD14 microbeads (Miltenyi Biotec). Monocytes were differentiated into dendritic cells (MoDC) by 5-7 days of culture in presence of GM-CSF (400 ng/ml) and IL-4 (20 ng/ml). The day of DC recovery, CD4 + T cells from allogeneic donors were purified by immunomagnetic depletion of non-CD4 + T cells (Miltenyi Biotec) and stained with Cell Trace Violet. DC (10 4 cells/well) and T cells (5x10 4 cells/well) were mixed in 96W round bottom microplates in presence of a dose-ranges of anti-huCD73 Abs and a fixed dose of ATP. T cell proliferation and Ab ability to reverse ATP-mediated suppression was assessed as described for T cell proliferation assay. In some experiments, MoDC were activated 24 hour with ATP in presence of anti-CD39 Abs, extensively washed and incubated with allogeneic CD4 + T cells as described above.
